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Summary
Objective: To develop an accurate method for quantifying differences in the trabecular structure in the tibial bone between subjects with and
without knee osteoarthritis (OA).
Methods: Standard knee radiographs were taken from 26 subjects (seven women) with meniscectomy and radiographic OA Kellgren & Law-
rence grade 2 or worse in the medial compartment. Each case knee was individually matched by sex, age, body mass index and medial or
lateral compartment with a control knee.
A newly developed augmented Hurst orientation transform (HOT) method was used to calculate texture parameters for regions selected in
X-ray images of non-OA and OA tibial bones. This method produces a mean value of fractal dimensions (FDMEAN), FDs in the vertical
(FDV) and horizontal (FDH) directions and along a direction of the roughest part of the tibial bone (FDSta), fractal signatures and a texture
aspect ratio (Str). The ratio determines a degree of the bone texture anisotropy. Reproducibility was calculated using an intraclass correlation
coefﬁcient (ICC). Comparisons between cases and controls were made with paired t tests. The performance of the HOT method was eval-
uated against a benchmark fractal signature analysis (FSA) method.
Results: Compared with controls, trabecular bone in OA knees showed signiﬁcantly lower FDMEAN, FDV, FDH and FDSta and higher Str at
trabecular image sizes 0.2e1.1 mm (P< 0.05, HOT). The reproducibility of all parameters was very good (ICC> 0.8). In the medial compart-
ment, fractal signatures calculated for OA horizontal and vertical trabeculae were signiﬁcantly lower at sizes 0.3e0.55 mm (P< 0.05, HOT)
and 0.3e0.65 mm (P< 0.001, FSA). In the lateral compartment, FDs calculated for OA trabeculae were lower than controls (horizontal:
0.3e0.55 mm (P< 0.05, HOT) and 0.3e0.65 mm (P< 0.001, FSA); vertical: 0.3e0.4 mm (P< 0.05, HOT) and 0.3e0.35 mm (P< 0.001, FSA).
Conclusion: The augmented HOT method produces fractal signatures that are comparable to those obtained from the benchmark FSA
method. The HOT method provides a more detailed description of OA changes in bone anisotropy than the FSA method. This includes a de-
gree of bone anisotropy measured using data from all possible directions and a texture roughness calculated for the roughest part of the bone.
It appears that the augmented HOT method is well suited to quantify OA changes in the tibial bone structure.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Changes in the proximal tibial bone occur in the early stages
of knee osteoarthritis (OA)1,2. They are characterized by an
increase in the bone volume fraction (BVF); the formation
of intraosseous cysts and osteophytes; the thickening of
subchondral cortical bone; and changes in the architectural
microstructure of trabecular bone (TB), such as the formation
of thick, sparsely placed and vertically oriented trabeculae3.
Recent evidence showed that changes in TB structure may
signiﬁcantly affect the biomechanical competence of bone
in early OA in a way not predictable by osteophytes, BVF
and bone thickness measurements3. It was also shown
that through numerical analyses of the microstructural*Address correspondence and reprint requests to: Dr Pawel
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323organization of TB, methods for the detection of early OA
and the monitoring of OA progress in knee joints may be de-
veloped4e6. These methods may be helpful in assessing the
role of bone changes in initiating OA and in affecting disease
progression. The development of suchmethods has been so
far hindered, largely because (1) the TB exhibits a compli-
cated multi-scale structure of interconnected struts and
plates that is hard to quantify precisely, and (2) controls
and OA subjects that are closely matched by gender, age,
body mass index (BMI), lateral and medial compartment
are not easily available. In this study, these difﬁculties are ad-
dressed using fractal methods and a matched controlecase
study design.
Conventional-ﬁlm radiography is the cheapest and most
common imaging techniqueused to assessOA in knee joints.
Because of this, digitized radiographic ﬁlms were used in this
study. This radiographic technique produces X-ray bone im-
ages, called TB texture images. Recent studies demon-
strated that the texture images provided sufﬁcient data for
the analysis of bone structures7e11. Fractal methods have
long been considered appropriate for quantifying changes
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(FDs) used as descriptors of texture roughness4e6,12,13. Of
many techniques used to estimate FDs of TB a fractal signa-
ture analysis (FSA) method and a modiﬁed Hurst orientation
transform (HOT)methodwere found particularly useful4e6,13.
The FSA method has the unique ability of producing a fractal
signature, i.e., FDs calculated locally at individual scale, in
the horizontal and vertical directions. Previous study showed
that thismethodprovides themost precise characterization of
TB texture as it calculates FDs at individual TB widths (i.e.,
fractal signature). Unlike other methods, the HOT method
provides FDs in all possible directions. The directions are
not manually chosen by the human user, e.g., the vertical
and horizontal directions or every 10, but automatically se-
lected by the method. The number of directions depends on
image sizes only. In previous studies it was suggested that
this allows an accurate measurement of both the degree of
anisotropy and the dominating direction for surface texture
exhibiting either weak or strong anisotropy13. However, the
HOTmethod has a limitation in that it does not produce a frac-
tal signature. Since the FSA and HOT methods are comple-
mentary to one another the HOT method was augmented
by adding fractal signatures in the horizontal and vertical di-
rections. This modiﬁed HOT method, called an augmented
HOT method, was developed in this study.
Differences between studies in matching controls and OA
subjects could create inconsistencies in ﬁndings. Previous
studieswere generally heterogeneous in their subjectmatch-
ing6,11. Since the structure of TB changes with age and gen-
der, and body weight inﬂuences OA progression14e17 this
could affect whether or not OA knees showed differences
in texture parameterswhen compared to the chosen controls.
In this study, controls and OA subjects were closely
matched by age, gender, BMI and lateral and medial com-
partment. The newly developed augmented HOT method
was applied to TB texture regions selected on X-ray images
of the matched OA subjects and controls. The regions
selected are located on the subchondral bone immediately
under the cortical plates. Previous studies suggested that
changes in these regions in the density, anisotropy and con-
nectivity of the underlying subchondral bone play an impor-
tant role in the initiation of OA and effect the progression of
OA in knee joints1,2. Differences in the bone texture anisot-
ropy and roughness between OA subjects and controls
were analysed. Reliability tests were performed to check
the accuracy of results obtained and values of fractal signa-
tures were compared against those obtained by the bench-
mark FSA method.Subjects and methodsSUBJECTS AND RADIOGRAPHIC TECHNIQUEWe use a matched caseecontrol study design. Case knees (n¼ 26) were
from 26 subjects (seven women) with medial meniscectomy performed
17e22 years earlier and radiographic OA in the medial tibiofemoral compart-
ment18. Three subjects also had OA in the lateral tibiofemoral compartment.
Mean (SD) age was 55.2 (11.2) years and mean (SD) BMI was 26.6 (2.7).
Each case knee was individually matched by sex, age, BMI and medial or
lateral compartment with a knee from 26 controls without knee surgery, me-
niscal or cruciate ligament injury, and no signs of radiographic knee OA [joint
space narrowing (JSN)¼ 0 and sum of marginal osteophyte grades¼ 0 in
the tibiofemoral joint]18.
Thestandinganteroposterior radiographsof both kneeswereobtained in15
of knee ﬂexion using a ﬂuoroscopically positioned X-ray beam [Siemens Basic
Radiological System (SiemensGmbH, Erlangen, Germany) with ﬁlm-focus dis-
tance 1.4 m at 70 kV and 10 mA]. A 24 30 cm Wicor-X RP ﬁlm (CEA AB,
Stra¨ngna¨s, Sweden) was used for all patients.
The tibiofemoral joint was assessed for JSN and osteophytes according
to the atlas from Osteoarthritis Research Society International19. Thepresence of these features was graded on a 4-point scale (range 0e3,
with 0¼ no evidence of bony changes or JSN) as detailed in a previous
study20. We considered radiographic OA of the knee to be present if any
of the following criteria was achieved in any of the two tibiofemoral compart-
ments: JSN of grade 2 or higher, the sum of the two marginal osteophyte
grades from the same compartment 2, or grade 1 JSN in combination
with a grade 1 osteophyte in the same compartment. This cut-off approxi-
mates a grade 2 knee OA based on the Kellgren & Lawrence (K/L) scale21.
All radiographs were digitized using a Microtek ScanMaker 9800XL scan-
ner and a TMA 1600 transparency media adapter (Microtek International
INC, Husinchu, Taiwan) with a scan mode of 16-bit RGB and an optical res-
olution of 800 dpi. Each radiograph was converted to 8-bit grey scale level
images with a pixel resolution of 0.05 0.05 mm.IMAGE FILTERINGFilteringwas applied to the images obtained from digitization of radiographs
to compensate for high- and low-frequency noise. High-frequency noise con-
sists of quantum noise of the X-ray source, thermal noise in the electronic
devices and noise associated with ﬂuctuations of the power supply. Low-fre-
quency noise is identiﬁed as slow variations in background brightness over
the entire image area. These variations are usually associated with the diffu-
sion of X-rays in soft tissues, the nonuniform intensity of the X-ray bundles
and the nonhomogeneous illumination of a radiographic ﬁlm during a scanning
process22. Since noise does not present TB texture this may create difﬁculties
in texture characterization.
A 5 5 pixel median ﬁlter was used to reduce the amount of high-fre-
quency noise in the image. The low-frequency was eliminated using a back-
ground image substraction23, and this was accomplished in two steps. First,
an average ﬁlter with a window of 63 63 pixels was applied to the original
image and as a result, a smooth low-frequency image was obtained. The
smooth image was then subtracted pixel by pixel from the original image.REGIONS OF INTERESTIn the X-ray image, 256 256 pixel TB texture regions of interest (ROIs)
were manually selected on the subchondral bone immediately under the me-
dial and lateral cortical plates of the tibia. The horizontal distance of the ROI
from the tibial border was set to about 1/4 of the compartment width mea-
sured from the outer tibial border to a vertical line drawn from the medial
or lateral tibial spine. The outer 1/4 of the width was used to avoid the peri-
articular osteopenia adjacent to marginal osteophyte formation. Some ROIs
were moved horizontally towards the vertical line to avoid an overlapping
with the ﬁbula. As an example, a knee radiograph with selected TB regions
is shown in Fig. 1. Since the image resolution is 0.05 mm each region covers
an image area of 12 12 mm. Similar size TB regions were used in previous
studies24e26.FRACTAL METHODSA newly developed method, called an augmented HOT method was ap-
plied to the selected TB regions. The method is an augmented version of
the modiﬁed HOT method previously developed by the authors13. This aug-
mentation is done by adding fractal signatures in the vertical and horizontal
directions. The signature shows a variation of the FD with TB width sizes
and it is useful for the measurement of a TB texture roughness at individual
sizes4e6. The performance of the augmented HOT method was compared
against a FSA method4, which is considered as a benchmark for the calcula-
tion of fractal signatures of bone textures in horizontal and vertical directions.AUGMENTED HOT METHODFirst, an original HOT method is described and then, its augmented ver-
sion is deﬁned.
HOT method
Unlike other methods, this method calculates a 2D FD for all possible direc-
tions and provides information on both the degree of anisotropy and the tex-
ture roughness. The HOT method is based on ﬁnding the greatest
differences between all pairs of texture data points in a circular region, moving
across the entire X-ray image and building a HOT image. In the image, the
pixel brightness value represents the magnitude of the greatest difference be-
tween a pair of texture data points, the horizontal axis represents the Euclid-
ean distance between the data points, called the length size, and the vertical
axis represents the direction of a line running through the data points. This di-
rection is calculated with respect to the horizontal reference line. An auto-
mated line ﬁtting is individually performed on a logelog plot of the greatest
differences vs the length sizes for each direction (i.e., each horizontal line of
Fig. 1. Examples of TB texture regions selected on X-ray knee
image.
325Osteoarthritis and Cartilage Vol. 16, No. 3the HOT image). The resulting slopes, called Hurst coefﬁcients (H ), are plot-
ted on polar coordinates as a function of orientation (rose plot). The Hurst co-
efﬁcient is used to calculate a FD (FD¼ 3H ), which is a measure of bone
texture roughness (i.e., a ‘‘rougher’’ texture is represented by a higher FD).
Texture parameters are calculated from the rose plot of Hurst coefﬁcients:
(1) Minor axis fractal dimension (FDSta). A texture minor axis parameter
(Sta) is used to calculate a FD, i.e., FDSta¼ 3Sta. The texture pa-
rameter Sta is deﬁned as half the minor axis length of an ellipse ﬁtted
to the rose plot of Hurst coefﬁcients. The FDSta provides a measure
of texture roughness in the direction of the roughest part of TB. The
part contains the shortest bone length components and it is associ-
ated with the principle loading directions of the TB. OA changes
such as the merging of adjacent trabeculae and the thickening of tra-
beculae can effect the bone length3. The FDSta is used to quantify
these bone changes.
(2) Texture aspect ratio (Str). This texture parameter is deﬁned as the ra-
tio of the minor and major axes of an ellipse ﬁtted to the rose plot of
Hurst coefﬁcients. It measures a degree of the bone anisotropy, tak-
ing values between 0 and 1. A higher anisotropy corresponds to
a lower value of the aspect ratio. Changes in bone texture anisotropy
have been associated with the development of OA3.
(3) Mean (FDMEAN), horizontal (FDH) and vertical (FDV) fractal dimen-
sions. They are calculated from the rose plot of Hurst coefﬁcients.
FDMEAN is equal to 3 (the mean value of all Hurst coefﬁcients).
This dimension is a measure of the overall roughness of a TB texture.
FDH and FDV are FDs calculated in the vertical and horizontal direc-
tions, respectively. It has been shown that OA changes in TB are sig-
niﬁcant in these directions4.
Effects of radiographic noise (>5%), blur (ﬁne and regular ﬁlm-screen
systems), magniﬁcation (up to 1.35), projection angle (0e15) and expo-
sure (2.5e30 mA) on the texture parameters have been evaluated13. It
was found that the FD calculated by the HOT method is sensitive to image
noise (>5%), image blur and image magniﬁcation, however, it does not
change signiﬁcantly with projection angle and exposure. The Str is affected
by image noise (>7%), image blur and projection angle, while it does not
change signiﬁcantly with image magniﬁcation and image exposure. It was
shown that the performance of this method is comparable to, or better
than, commonly used fractal methods.Augmented version
The HOT method was augmented so that fractal signatures could be cal-
culated in the horizontal and vertical directions. They are calculated in the fol-
lowing manner. First, data points of the HOT image that correspond to thehorizontal direction (i.e., 0) are extracted. These data points are then di-
vided into overlapping data sets that are shifted by one data point. Next,
a line is ﬁtted to each data set and its slope is calculated. The slope is a local
Hurst coefﬁcient at individual length size. This results in a set of local FDs,
that is called a fractal signature. A fractal signature in the vertical direction
is obtained in the same way, but data points are extracted from the HOT im-
age along the vertical direction (i.e., 90). In this study, the overlapping data
set contains seven neighbouring points and the local FD was obtained for
sizes ranging from 0.3 to 0.65 mm in steps of 0.05 mm.FSA METHODIn the FSA method, the FD is estimated from the slope of a line ﬁtted
through a logelog plot of surface areas vs lengths of structuring ele-
ments4e6. For the construction of the plot, ﬁrst the original image is dilated
and eroded with a rod shape structuring element that moves in a horizontal
direction. The element length is set to 3 pixels (r¼ 3). This results in the di-
lated image and the eroded image. The volume V(r) between these two im-
ages is then calculated. The whole process is repeated for the element
lengths ranging from 4 to 17 pixels, with a step of 1 pixel (r¼ {4,5,.,17}).
Next, for each size the surface area A(r) is obtained from the equation
A(r)¼ {V(r) V(r 1)}/2 and the log of A(r) is plotted against the log of r. Fi-
nally, local slopes are calculated for lines ﬁtted to seven neighbouring points
of the logelog plot and a local FD is obtained at each size in the range of
0.3e0.65 mm in steps of 0.05 mm.DATA ANALYSISStatistical analyses of the bone texture parameters calculated were per-
formed in steps. First, the reproducibility of each bone texture parameter
was evaluated and then, it was tested whether values of the texture parame-
ters exhibit a normal distribution. Next, a comparison study between matched
OA and control pairs of texture parameters was conducted. All statistical com-
putations were done using SPSS software, release 11.0 (SPSS Inc., Chicago,
IL, USA).
To evaluate the reproducibility of bone texture parameters three investiga-
tors with different training levels (i.e., a technician trained in the selection of
bone regions on X-ray image and two technicians who were not trained)
used a computer mouse to manually select two bone regions on each
X-ray image. The investigators performed this selection at different times
in random order. To assess intra-rater reliability, all three investigators re-
peated their selection a week later without looking at the previously selected
regions. This selection process required about 4 min per region.
Intra- and inter-rater reliability was assessed for texture parameters using
an intraclass correlation coefﬁcient (ICC)27. This coefﬁcient was calculated
by means of SPSS, release 11.0 (SPSS Inc., Chicago, IL, USA). In SPSS,
a two-way mixed model with absolute agreement and interaction component
absent was selected. If values of the coefﬁcient were greater than 0.75 a tex-
ture parameter was reliable.
Quantileequantile plot was produced for texture parameters. The appear-
ance of the plots indicated that all parameters were normally distributed.
Based on these results, paired samples t tests were chosen. Means of the
matched pairs of control and OA knees were compared. All tests were two
tailed and P< 0.05 was considered signiﬁcant.ResultsRELIABILITYIn general, the intra-rater reliability of the texture parame-
ters obtained from the HOT method was higher for the
trained technician (0.95e0.98) than two other technicians
(0.83e0.95, Table I). The lowest reliability of 0.83 was cal-
culated for the aspect ratio parameter Sta. The inter-rater
reliability was very high (>0.9) for all technicians.CONTROLS VS MATCHED OA KNEESCompared with controls, the means of FDMEAN, FDSta,
FDH and FDV calculated for OA cases were signiﬁcantly
lower (medial: P¼ {0.001, 0.001, 0.002, 0.001}, lateral:
P¼ {0.001, 0.001, 0.003, 0.038}) in both compartments
at trabecular image sizes between 0.2 and 1.1 mm
(Fig. 2).
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horizontal and vertical trabeculae were signiﬁcantly lower
than controls at trabecular image sizes 0.3e0.55 mm (P<
0.05, HOT) and 0.3e0.65 mm (P< 0.001, FSA).
In the lateral compartment (Fig. 3), FDs calculated for OA
horizontal trabeculae were lower than controls at sizes
0.3e0.55 mm (P< 0.05, HOT) and 0.3e0.65 mm (P< 0.001,
FSA). In the vertical direction, FDs calculated for OA cases
were lower than controls at sizes 0.3e0.4 mm (P< 0.05,
HOT) and 0.3e0.35 mm (P< 0.001, FSA).
In the medial compartment, TB texture in OA cases
showed a signiﬁcantly higher mean [SD] of the aspect ratio
Str than controls (OA mean 0.71 [0.12], control mean 0.58
[0.15], P< 0.008) The Str parameter was not signiﬁcantly
different in the lateral compartment.Table I
Intra- and inter-rater reliability calculated for bone texture para-
meters using the intraclass correlation coefficient
Texture parameter
(HOT method)
Intra-rater reliability Inter-rater reliability
At1At2 Bt1Bt2 Ct1C2 At1Bt1 At1C1 Bt1Ct1
FDSta 0.97 0.90 0.86 0.94 0.91 0.91
FDMEAN 0.98 0.95 0.91 0.96 0.96 0.96
FDH 0.97 0.92 0.89 0.94 0.95 0.94
FDV 0.98 0.96 0.91 0.96 1.00 0.96
Str 0.95 0.88 0.83 0.91 0.90 0.91
Investigators: A¼ trained technician; B,C¼ technicians who were
not trained for the selection of ROI. Intra-rater reliability was calcu-
lated for texture parameters of bone regions selected by the individ-
ual investigator at time t1 and t2 (t2 t1¼week). Inter-rater
reliability was calculated for three pairs of investigators at time t1.Discussion
In this study, the pairs of control and OA knees matched
by sex, age, BMI, medial and lateral compartment were an-
alysed by plain radiography and fractal methods to evaluate
changes in TB. The intra- and inter-rater reliability of individ-
ual texture parameters was assessed for three investiga-
tors, i.e., a trained technician and two technicians who
were not trained in the selection of bone ROIs, and found
to be high (ICC> 0.8). These results are comparable or bet-
ter than the reproducibility of commonly used radiographic
measures in knees such as JSN and osteophytes28. Gener-
ally, values of the ICC greater than 0.75 represent a good
agreement beyond chance29. This indicates that the repro-
ducibility of all texture parameters was very good or
excellent.
Several problems can be associated with the use of plain
radiographs. One problem is that the radiography produces
X-ray images, called TB texture images, which are two-
dimensional (2D) projections of a three-dimensional (3D)
bone. Previous studies, however, showed that the TB tex-
ture images contain data directly related to the 3D structure
of the bone. A correlation between 3D histomorphometric
parameters assessed by the micro-computed tomograph
(m-CT) and the 2D texture analysis of X-ray radiographs
of iliac bone was found. For the texture analysis, the skele-
tonization, run-length distribution and ‘‘skyscrapers’’ and
‘‘blanket’’ fractal methods were used7. Recently, a relation
between 3D and 2D TB parameters has been described
in a rigorous manner, i.e., S2D ¼ S3D þ 0:5, where S3D and
S2D are self-similarity parameters calculated for 3D image
and its 2D projection. The parameters have been estimated
on m-CT images of frozen human femoral heads and 2D
projections obtained by summing the image data in orthog-
onal directions8. The intensity variance method was used to
estimate S2D. These results indicate the radiographic tech-
nique is suitable for analysing bone structures.
X-ray images often have a spatial resolution of at least
0.2 mm. It has been suggested that this resolution might
not be enough to capture the complexity of TB. Recent
studies showed that OA changes occur in trabeculae rang-
ing in sizes from 0.12 to 1.14 mm6,11. Based on this ﬁnd-
ing, the resolution of 0.2 mm appears adequate. There is
also a problem associated with maintaining the same posi-
tion and distance for all patients with respect to the ﬁlm. If
the position varies between patients or between repeat ex-
aminations of the same patient, a subsequent analysis of
TB might not produce accurate results. This problem was
overcome by placing subjects in a standardized
position9,10.For the bone ROIs used in this study, the FDs described
TB texture for trabeculae thicknesses ranging from 0.2 to
1.1 mm and the fractal signatures from 0.3 to 0.65 mm in in-
crements of 0.05 mm. These values fall within the range of
0.12e1.14 mmused in other studies6. The ROIs were similar
to subchondral and subarticular regions used in the FSA of
knee macroradiographs6 and three regions, i.e., juxtaarticu-
lar, epiphyseal and metaphyseal, selected for the analysis of
scintigraphic scans and the bone histomorphometry of
healthy and OA knees24. According to the scintigraphic and
histomorphometric analyses, the bone in these regions re-
sponds to altered conditions of the joint25,26.
Although variations in texture parameters were evident
between individual subjects, OA subjects showed lower
values of FDMEAN, FDH, FDV and FDSta (Fig. 2) and higher
values of anisotropy than controls. These results indicated
a change of TB structure in OA subjects that was also ob-
served in previous studies1e3. Lower values of FDMEAN
could be associated with a decrease in the overall number
of trabeculae (merging of adjacent trabeculae) in the weight
bearing parts of OA TB3.
Lower values of FDH calculated for OA subjects might in-
dicate thickening of the coarse horizontal trabeculae3. The
changes measured in the anisotropy (Str) of OA bone can
be explained by the fact that OA trabeculae are oriented
more in the vertical direction than horizontal3. The decrease
in FDH and FDV was more apparent in the medial than the
lateral compartment and the changes in Str were signiﬁcant
only for the medial compartment. This ﬁnding was consis-
tent with the fact that all case knees used in this study
had OA in the medial compartment and three knees had
OA in the lateral compartment. However, the decrease in
FDMEAN and FDSta was similar for both compartments.
This can be explained by the fact that values of these
FDs are more sensitive to OA bone changes occurring
along the principle directions of loading that might not be
necessary in the horizontal or vertical directions. This inter-
pretation is supported by Wolff’s law which states that the TB
remodels in accordance with the stresses placed upon it30. In
OA subjects the predominant stresses occur in directions
nearly perpendicular to the articular surface1e3. Therefore,
it appears that the lower complexity of TB in OA than in
controls is a response to changes in a loading pattern of
the OA joint and biomechanical properties of the bone.
Both the FSA and HOT methods were used to calculate
fractal signatures. When comparing local FDs calculated
at individual trabecular image sizes, these two methods pro-
duced similar results. However, the HOT method exhibited
Medial compartment
Mean Sta H V 
P = 0.001P = 0.002P = 0.001P = 0.001
3.0
2.8
2.6
2.4
2.2
2.0
Lateral compartment
Mean Sta H V 
P = 0.038P = 0.003P = 0.001P = 0.001
3.0
2.8
2.6
2.4
2.2
2.0
(a) (b) 
Fig. 2. A comparison of (-) control and (- -) OA mean values of FDs calculated for the (a) medial and (b) lateral compartments over all trabecular
sizes 0.2e1.1 mm (paired samples t tests, P< 0.05). Boxes denote the mean value and whiskers are the SD value.
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not show differences at large sizes (0.6 and 0.65 mm). This
was because the HOT method was specially constructed to
be more sensitive to changes occurring at small sizes (i.e.,
the highest differences in grey level values in a smallMedial compartment
3.2
3.0
2.8
2.6
2.4
2.2
2.0
(a)
Medial compartment
0.3* 0.35* 0.4*  0.45*  0.5*  0.55* 0.6 0.65
0.3* 0.35* 0.4*  0.45*  0.5*  0.55* 0.6 0.65
3.4
3.2
3.0
2.8
2.6
2.4
2.2
2.0
(c)
3
3
3
2
2
2
2
2
3
3
2
2
2
2
2
Fig. 3. A comparison of (-) control and (- -) OA mean values of the fractal
ments in the horizontal (HD) and vertical (VD) directions, respectively. A
t tests, P< 0.05) at individualneighbourhood) in bone texture. This high sensitivity might
be useful and lead to the earlier detection of bone changes
associated with the development of OA.
Fractal signatures calculated for OA knees were lower
than controls over a size range of 0.3e0.65 mm, exceptLateral compartment
(b)
0.3* 0.35* 0.4*  0.45*  0.5*  0.55* 0.6 0.65
0.3* 0.35* 0.4*  0.45*  0.5*  0.55* 0.6 0.65
Lateral compartment
(d)
.4
.2
.0
.8
.6
.4
.2
.0
.2
.0
.8
.6
.4
.2
.0
signatures calculated for the (a,c) medial and (b,d) lateral compart-
sterisks denote statistically signiﬁcant differences (paired samples
trabecular image sizes.
328 P. Podsiadlo et al.: Differences in trabecular bone texture between knees with and without radiographic OAfrom vertical trabeculae in the lateral compartment. The de-
crease in FDs calculated for vertical trabeculae was limited
to small sizes 0.3e0.4 mm. A possible explanation for the
absence of signiﬁcant differences at larger sizes may in-
clude the fact that only three OA subjects had OA in this
compartment.
Some changes identiﬁed in the texture bone parameters
may relate to the remodelling of bone marrow. Recent
studies have shown that bone marrow changes with the
progression of OA in knee joints31. It has been reported
that the fat content of marrow bone can affect values of
texture parameters. This effect is most noticeable in texture
parameters that are direction sensitive (especially, in the
vertical direction), but occurs to a lesser degree in FDs32.
This suggests that results obtained from the HOT method
may not be signiﬁcantly affected by changes in marrow
bone.
It needs to be emphasized that our results were ob-
tained for OA and healthy subjects that were individually
matched by age, gender and BMI. However, the OA sub-
jects had all undergone previous meniscectomy, and it is
unclear if the texture parameters will be different for OA
subjects without previous meniscal surgery. It has been
shown that the increased cartilage contact stress that oc-
curs after meniscectomy may both alter TB structure,
and lead to OA development. Meniscal maceration and
destruction is very common in ‘‘idiopathic OA’’ as well,
which suggests that the changes found in our sample
are not necessarily different from knee OA without
meniscal surgery. Further, many cases of meniscectomy
are performed due to degenerative meniscal lesions where
there is no report of knee trauma. Thus, all cases studied
here do not necessarily need to be ‘‘post-traumatic’’
OA33e35. Sample size limits our possibilities to stratify ac-
cording to type of meniscal tear and surgery. This is an
area requiring further studies.
A previous study found that the BVF and the bone sur-
face declined signiﬁcantly in human tibial cancellous
bone specimens of age 60 and older14. It was also found
that there was a direct proportional relationship between
FD and bone porosity levels36. The volume fraction and
surface were inversely related to the porosity, i.e., a decline
in the bone volume and surface results in an increase of
porosity. Based on these results, as well as results ob-
tained from the fractal analysis of plain radiographs of
healthy women in age from 20 to 93 years37, it is evident
that FD increases signiﬁcantly after the age of 60 years.
Other studies showed that the spatial distribution of
a bone mass density (BMD) measured in the proximal,
central and metaphyseal slices of the proximal tibia dif-
fered in men and women38. Using age- and sex-matched
controls is therefore critical for the analysis of differences
between healthy and OA knees.
In conclusion our ﬁndings indicate that the augmented
HOT method can successfully be used to quantify OA
changes in TB bone texture anisotropy and roughness.
The HOT method gives comparable values of fractal signa-
tures to those obtained from the benchmark FSA method. It
also gives a more detailed description of OA changes in
bone anisotropy than the FSA method. This includes a de-
gree of anisotropy measured using data from all possible di-
rections and a texture roughness calculated for the
roughest part of the bone. Using this improved method,
we aim to further characterize OA changes in bone struc-
ture and to assess the importance of these changes in
OA initiation and progression by prospective, long-term
studies on patient groups at high risk of OA development.Acknowledgements
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